2. In this study, we compare the reactivity of a new anti-passerine IgY secondary antibody with existing secondary antibodies developed for use with birds. Samples from 41 species from the following six avian orders were analysed: Anseriformes (1 family, 1 species), Columbiformes (1 family, 2 species), Galliformes (1 family, 1 species), Passeriformes (16 families, 34 species), Piciformes (1 family, 2 species) and Suliformes (1 family, 1 species). Direct ELISAs were performed to detect total IgY using goat anti-passerine IgY, goat anti-chicken IgY or goat anti-bird IgY secondary antibodies. 3.The anti-passerine antibody exhibited significantly higher IgY reactivity compared to the antichicken and/or anti-bird antibodies in 80% of the passerine families tested. Birds in the order Piciformes (woodpeckers) and order Suliformes (cormorants) were poorly detected by all three secondary antibodies. A comparison of serum and plasma IgY levels was made within the same individuals for two passerine species (house finch and white-crowned sparrow), and serum exhibited significantly more IgY than the plasma for all three secondary antibodies. This result indicates that serum may be preferred to plasma when measuring total antibody levels in blood. 4.This study indicates that the anti-passerine IgY secondary antibody can effectively be used in immunological assays to detect passerine IgY for species in most passerine families and is preferred over anti-chicken and anti-bird secondary antibodies for the majority of passerine species. This antipasserine antibody will allow for more accurate detection and quantification of IgY in more wild bird species than was possible with previously available secondary antibodies.
Introduction
Studies of the antibody-mediated immune response in nonmodel avian species have been a challenge due to the lack of species-specific secondary antibodies. Although species-specific antibodies are available for multiple domestic poultry species, species-specific antibodies are not commercially available for wild birds. Anti-chicken secondary antibodies have been used to detect antibodies in some wild birds (e.g. Mart ınez et al. 2003; Cray & Villar 2008) , but the efficacy of using a chicken-specific antibody to detect antibodies across all avian species is unknown and likely highly variable. A secondary antibody that recognizes multiple avian species was first reported by Chiles & Reisen (1998) , in which an 'anti-bird' antibody was produced in goats using sera from whitecrowned sparrows (Zonotrichia leucophrys), ringed turtle doves (Streptopelia risoria), domestic chickens (Gallus gallus domesticus) and Muscovy ducks (Cairina moschata). This secondary antibody has been used in indirect enzyme-linked immunosorbent assays (ELISAs) for the detection of flaviviruses (Ebel et al. 2002; Hofmeister et al. 2016 ), alphaviruses (Fassbinder-Orth, Barak & Brown 2013 and poxviruses (Ha et al. 2013; Ellison et al. 2014) . While this antibird antibody is commercially available and provides breadth in an avian coverage, reliable detection of antibodies in a specific group of birds by broad-spectrum antibodies such as this is unknown, and no other wild bird-specific secondary antibodies are commercially available. Furthermore, no studies have been performed that have compared the relative effectiveness of available secondary antibodies to recognize primary antibodies in plasma or serum samples across multiple wild bird species. Additionally, comparisons of secondary antibody effectiveness in a non-model species are essential when one is relying on cross-reactive capability of antibodies for use in their species. The use of poor cross-reactive secondary antibodies may potentially produce unreliable results.
Antibody measurements can be broadly classified into functional assays and detection-based assays. Functional assays measure the binding activity of antibodies present in samples through immunoprecipitation-based tests such as agglutination or neutralization tests. Functional antibody tests have been widely used in wild birds. For example, agglutination tests have been used to detect anti-Mycoplasma antibodies in house finches (Haemorhous mexicanus) and black-capped chickadees (Poecile atricapillus; Dhondt, Dhondt & Hochachka 2015) , anti-Toxoplasma antibodies in blackheaded gulls (Chroicocephalus ridibundus; Miao et al. 2014) and anti-avian influenza antibodies (through a hemagglutination inhibition assay) in various species of ducks (Killian 2008; Wibawa et al. 2012) . The plaque reduction neutralization test (PRNT) is a gold standard assay used to detect neutralizing antibodies against various arthropod-borne viruses (arboviruses) and has been used in hundreds of wild bird species (Beaty, Calisher & Shope 1989; Reisen et al. 2010) . However, the PRNT assay requires culturing of the sample and may be limited to a higher level Biosafety Laboratory depending on the type of samples.
Detection-based assays for antibody quantification include immunocytochemistry, immunoblotting or immunosorbent assays (e.g. ELISAs). These assays rely on the use of secondary antibodies raised against the target antibody, where the secondary antibody has been conjugated with various enzymes [e.g. alkaline phosphatase or horseradish peroxidase (HRP)] or fluorescent markers [e.g. fluorescein isothiocyanate(FITC)]. The majority of detection-based studies that have been reported for measuring antibody levels in birds have been ELISAs. Competitive ELISAs and indirect ELISAs are the most common ELISAs that have been used in wild bird studies. Competitive ELISAs (also called blocking ELISAs) involve the competition of test samples with antigen-specific anti-sera from model species (e.g. mouse, rabbit) and a secondary antibody for that model species. Therefore, blocking ELISAs do not require secondary antibodies for non-model species and have been used in wild bird species to detect flaviviruses (Hobson-Peters 2012) and avian influenza (Curran et al. 2014) . While competitive ELISAs have been developed as useful detection tools for pathogen exposure, their use for more general antibody quantification (e.g. total immunoglobulin concentration in sera) is more limited due to the target antigenspecific nature of the assay.
Immunological studies of non-model avian species often involve the collection of samples (typically serum or plasma) from birds in the wild using various methods of collection and storage conditions. However, very few studies have compared antibody titres between simultaneously collected plasma and serum samples, and those studies that have been performed have been focused on human clinical immunoassays (e.g. Siev et al. 2011) . Therefore, further comparisons of serum and plasma samples for antibody titres are warranted, especially in studies of non-model, wild organisms, where sample storage conditions (and therefore plasma protein stability) are more variable. In this study, we compared the levels of IgY (the avian equivalent to mammalian IgG) from serum and plasma samples collected in parallel from the same individuals.
As part of a collaborative project with the National Science Foundation Research Coordination Network in Ecoimmunology, a goat anti-passerine IgY antibody was produced by Bethyl Laboratories, Inc., using serum and yolk-derived IgY from 15 passerine species from seven different families. In this study, we compare the specificity of this new antibody to previously available antibodies from Bethyl, a goat anti-chicken IgY-HRP antibody and a goat anti-bird IgY-HRP using serum and plasma samples from 41 species across six avian orders.
Materials and methods

S E C O N D A R Y A N T I B O D I E S
Polyclonal goat anti-chicken IgY, conjugated with HRP (Bethyl A30-106P) and polyclonal goat anti-bird IgY-HRP (Bethyl A140-110P) were purchased from Bethyl Laboratories, Inc (Montgomery, TX, USA). To make the anti-passerine antibody, sera and yolk from 15 species in nine different families in the Passeriformes order were used to produce the polyclonal goat anti-passerine IgY antibody at Bethyl Laboratories, Inc. (Bethyl A140-129A, Table 1 ). Each of the nine families represented in the IgY antigen pool accounted for an average of 11% of the total pool, with a low of 5% (Troglodytidae) and a high of 16% (Hirundinidae). All secondary antibodies were made against both heavy (H) and light (L) chains of IgY isolates from serum and/or yolk from selected avian species. Heavy chains define the immunoglobulin isotype (IgY, IgM, IgA, etc.) , but in birds, one type of light chain (lambda) is shared across all antibody isotypes (Ben cina et al. 2014). Therefore, it is possible that some of the total Ig detected by the secondary antibodies also included IgA and IgM due to light chain similarities among isotypes. 
E N Z Y M E -L I N K E D I M M U N O S O R B E N T A S S A Y S
Total IgY ELISAs were performed according to Fassbinder-Orth, Barak & Brown (2013) , with modifications. Briefly, serum or plasma was diluted 1 : 15 000 with coating buffer (0Á015 M Na 2 CO 3 , 0Á035 M NaHCO 3 , pH 9Á6), and 75 lL was added in triplicate to a flat-bottomed 96-well plate (Nunc, Roskilde, Denmark) and incubated overnight at 4°C. A maximum of 24 samples were on each plate with pooled domestic chicken and cow sera (n = 5 individuals/species/pool) serving as positive and negative controls for standardization among plates. After the overnight incubation, we removed the coating solution and blocked plates with 200 lL/well of blocking buffer [PBS (10 mM phosphate buffer, 150 mM NaCl, pH 7Á4) with 5% non-fat dry milk, 0Á05% Tween] and incubated for 30 min at room temperature. Plates were washed four times with wash buffer (PBS with 0Á05% Tween) using a BioTek ELx50 Automated Strip Washer (BioTek Instruments, Winooski, VT, USA). One hundred microlitres of goat anti-passerine IgY-HRP antibody, goat anti-chicken IgY-HRP antibody or goat anti-bird IgY-HRP antibody diluted 1 : 10 000 with blocking buffer was added per well, incubated for 1 h at 37°C and washed. One hundred microlitres of tetramethylbenzidine (TMB)-peroxidase substrate (Kirkegaard & Perry Laboratories, Inc., Gaithersburg, MD, USA), made 35 min prior to completion of the 1 h incubation, was added to each well and incubated at room temperature in the dark for 8 min, and the reaction was stopped with 100 lL of 1 M H 2 SO 4 . Plates were read at 450 nm immediately using a Synergy HT microplate reader (BioTek). Values are reported as positive sample value/negative control value (P/N). P/N values >2Á0 were considered positive.
S T A T I S T I C A L A N A L Y S E S
We used 1-sample Kolmogorov-Smirnov tests to test for normal distribution of P/N data. We found that the data were not normally distributed (P < 0Á02 in all cases) and were skewed right; therefore, we used log-transformed P/N values for all statistical analyses. Following the data transformation, P/N for each antibody was normally distributed (P > 0Á221 in all cases). We used paired t-tests to determine whether the P/N was significantly different between plasma and serum samples.
To test for differences in P/N for the three secondary antibodies within each order, we used a repeated measures ANOVA (RMANOVA) with P/N as the dependent variable, secondary antibody type as the repeated variable and order as between-subjects factor.
To test for differences in P/N for the three secondary antibodies within families of the order Passeriformes, we used a RMANOVA with P/N as the dependent variable, secondary antibody type as the repeated variable and family as the between-subjects factor.
We used a = 0Á05 to determine statistical significance. For any RMA-NOVA that failed Mauchly's Test of Sphericity, we used the Greenhouse-Geisser adjustment. Following testing of statistically significant between-subjects factors (either order or family) by repeated factor (antibody type) interactions, we ran separate RMANOVAs within each of the between-subjects levels (orders or families). When we found statistically significant results in RMANOVAs within orders or families, we used paired t-tests as post hoc tests to determine pairwise differences among antibodies. All analyses were completed with SPSS 21.0 (IBM Corp., Armonk, NY, USA). Orders and families where less than four samples were available were not included in these analyses. Specifically, insufficient samples were available to perform statistical analyses on the Anseriformes or Suliformes orders.
A S S A Y V A R I A T I O N
We calculated intra-assay variation, reported as coefficients of variation (CV) by determining the CV for each experimental sample among its three replicates, then taking the average CV across all samples within each assay (anti-chicken, anti-bird or anti-passerine assays). Interassay variation was determined by calculating the CV of cow and chicken sera pools (negative and positive controls, respectively) run on 11 different plates per secondary antibody assay. 
Results
A S S A Y V A R I A T I O N
The mean intra-assay variation for the three secondary antibody assays was 3Á39%, and the mean interassay variation was 10Á31% (Table 3 ). The higher levels of interassay variation can be attributed to possible plate-to-plate variations that may have occurred over the course of several months when processing the 221 samples used for each of the three antibody assays.
IgY levels were higher in serum than plasma for the three secondary antibody assays in the house finch (t 2 = À13Á250, P = 0Á006) and were also significantly higher in the whitecrowned sparrow (t 2 = À5Á427, P = 0Á032). When both species were considered together, serum contained significantly higher levels of IgY than plasma for all three of the secondary antibodies (t 5 = À4Á749, P = 0Á005, Fig. 1 ).
D I F F E R E N C E S W I T H I N O R D E R S
There was a significant interaction between secondary antibody type and order (F 5Á218, 426 = 15Á853, P < 0Á001), demonstrating that the three types of secondary antibodies produce different results for P/N values across orders. There was not a single secondary antibody that produced the best results across all orders, rather some secondary antibodies performed better in some orders. Differences in total IgY Fig. 2 . Columbiformes had significantly greater P/N values with the anti-chicken antibody than the anti-bird antibody (t 11 = 4Á573, P = 0Á001) and greater P/N values with the antipasserine antibody than the anti-bird antibody (t 11 = 4Á887, P < 0Á001), but there was no difference in P/N values between anti-chicken and anti-passerine antibodies (t 11 = 0Á187, P = 0Á855). Galliformes had significantly greater P/N values with the anti-chicken antibody than each the anti-bird (t 3 = 4Á416, P = 0Á022) and the anti-passerine (t 3 = 46Á643, P < 0Á001), and the anti-bird P/N value was significantly greater than the anti-passerine (t 3 = 37Á202, P < 0Á001). Passeriformes had significantly greater P/N values with the anti-passerine antibody than each the anti-bird (t 192 = 13Á341, P < 0Á001) and the anti-chicken (t 192 = 14Á706, P < 0Á001).
The P/N value was also greater for the anti-chicken than the anti-bird secondary antibody (t 192 = 2Á5766, P = 0Á011). There were no significant differences in P/N values among secondary antibodies in the Piciformes order (F 2,18 = 3Á58, P = 0Á062).
D I F F E R E N C E S W I T H I N F A M I L I E S O F T H E P A S S E R I F O R M E S O R D E R
There was a significant interaction between secondary antibody type and family within Passeriformes (F 26Á305, 354 = 6Á703, P < 0Á001), demonstrating that differences in P/N values among antibodies vary within each family. All orders examined in this study (except Passeriformes) were represented by only one family. Therefore, we only analysed differences in activity among the three secondary antibodies for families within the order Passeriformes (Fig. 3) .
The anti-passerine antibody detected significantly more IgY than either anti-chicken or anti-bird for the following families: Cardinalidae (P < 0Á001), Corvidae (P < 0Á001), Emberizidae (P < 0Á002), Estrilidae (P < 0Á001), Fringillidae (P < 0Á001), Hirundinidae (P < 0Á049) and Icteridae (P < 0Á021). The antipasserine antibody detected significantly more IgY than the anti-bird antibody (but not the anti-chicken antibody) for the following families: Passeridae (P < 0Á001), Thraupidae (P < 0Á002), Turdidae (P < 0Á008) and Zosteropidae (P < 0Á017). The anti-passerine antibody detected significantly more IgY than the anti-chicken antibody (but not the anti-bird antibody) in Mimidae (P < 0Á001) and Paridae (P = 0Á05). The anti-passerine antibody detected significantly more IgY than the anti-bird antibody (but not the anti-chicken antibody) in the Troglodytidae (P = 0Á013). There were no significant differences among the three secondary antibodies for the Sittidae (F 2,16 = 3Á311, P = 0Á063).
Discussion
This is the first study to compare the effectiveness of multiple secondary antibodies to quantify IgY levels across wild bird species. The results of this study will enhance the ability of avian immunologists specializing in wild birds to devise and analyse antibody-based measurements and assays due to increased available information about relative reactivities of available secondary anti-avian IgY antibodies.
The anti-chicken antibody produced the highest P/N value for any order or family in the chicken (P/N = 61 AE 2Á3). This is expected because the secondary antibody was made against only the chicken and no other species. The P/N value for the anti-bird antibody in the chicken was also very high (P/N = 53 AE 3Á4), likely indicating that a significant portion of the anti-bird antibody specifically recognizes chicken IgY. The anti-bird antibody was produced against domestic chickens, white-crowned sparrows, ringed turtle doves and Muscovy ducks. However, in this study, the anti-bird antibody detected significantly less IgY than the anti-passerine antibody for Emberizidae (white-crowned sparrows) and Columbidae (ringed turtle doves). More samples are needed from Anatidae (Muscovy ducks) to confirm the similar trend observed in this study (anti-bird< anti-passerine, anti-chicken) . These results suggest that the detection capabilities of the anti-bird antibody are strongest in galliforms and may not be ideal in other taxa. Birds from Piciformes and Suliformes exhibited very low P/N ratios for all secondary antibodies (P/N < 3) and did not show any differences among secondary antibodies. The cross-reactivity of antibodies from these orders with the secondary antibodies used in this study was likely minimal. The anti-passerine IgY antibody detected significantly more IgY than the anti-chicken or anti-bird IgY secondary antibodies for 47% of the passerine families studied (7/15); it detected significantly more IgY than either the anti-bird or anti-chicken antibodies for 33% of passerine families (5/15). The remaining families, Paridae, Sittidae and Troglodytidae, exhibited the lowest P/N ratios of all passerine families (mean P/N for all secondary antibodies = 3Á3 AE 0Á85, compared to 7Á9 AE 1Á11 for all other passerine families) and did not show any differences among secondary antibodies. Possible reasons for the low detection in these families could include a lack of crossrecognition of IgY by the secondary antibodies used in this study. No members of the Paridae or Sittidae families were used to make the anti-passerine antibody. Although one species from Troglodytidae (house wren) was used to make the secondary anti-passerine antibody, the goat anti-passerine secondary antibody product that was produced did not recognize members of the Troglodytidae family well. The IgY in these three families may have been significantly different, antigenically, compared to the target antibodies used to make the secondary antibodies, which would reduce cross-reactivity of the secondary antibodies with IgY from these three families. It is also possible that low circulating antibody levels in the individuals sampled for this study could have contributed to the results. Further investigation is required to understand whether this pattern of low antibody detection may be a common phenomenon of these particular species.
Some species exhibited high levels of antibodies, regardless of the secondary antibody used. For example, birds from the passerine family Corvidae exhibited higher levels of IgY for the three secondary antibodies compared to all other passerine families (although it was not significantly different from Hirundinidae for all three secondary antibodies, nor from Mimidae for anti-bird, nor from Passeridae for anti-chicken). Hirundinidae and Passeridae were significantly higher than all other families (except Corvidae) for the anti-chicken antibody only (data not shown). The Corvidae family represented only 8% of the total antigen pool in the formation of the antibody (mean family representation was 11%), and so antigenic exposure of the goat to corvid IgY was not predicted to generate the high levels of antibody detected in this study. The three species sampled from Corvidae (American crow, blue jay and Florida scrub jay) exhibited high levels of antibodies with the three secondary antibodies, which may indicate high levels of circulating antibody levels in this family compared to other families surveyed here.
Serum samples had significantly more IgY than plasma samples collected from the same individuals (white-crowned sparrows and house finches) in this experiment. This result is expected for several reasons. First, decreased protein levels have been found in plasma compared to serum for proteins such as Beta-2-microglobulin (Bjerrum & Birgens 1986 ) and cytokines IL-1b and TNF-a (Dossus et al. 2009 ). Additionally, anticoagulants such as heparin, EDTA or sodium citrate, all commonly used in sample collection vessels such as microhematocrit capillary tubes, have been shown to interfere with immunoassays (Haab et al. 2005) , likely through the disruption of protein interactions and stability (Lopez & Peng 2003) . Lastly, long-term or improper storage of plasma likely causes fibrin polymerization, leading to possible precipitation of plasma proteins, including antibodies. Given these results, when antibody quantification is essential to a study, serum collection may be preferred over plasma collection. However, this study was done on a small number of samples from two species and should be repeated with more species and samples to validate these results.
The results of this study provide comparative antibody detection data for researchers interested in analysing antibody levels in wild birds. The new anti-passerine antibody detected higher levels of IgY than the other secondary antibodies for most passerine birds, and based on these data, we suggest using the newly developed anti-passerine IgY antibody to detect antibodies in birds within the order Passeriformes. However, some avian orders and families did not yield significant antibody detection with any secondary antibody, and caution should be used before designing an antibody-based assay using the secondary antibodies reported here. For example, birds in the Piciformes and Suliformes orders and birds from some families within Passeriformes (Paridae, Sittidae and Troglodytidae) exhibited low antibody detection with all of the secondary antibodies, and the use of these secondary antibodies to detect antibodies in these species is not recommended. Finally, care should be taken when using any broad-spectrum secondary anti-IgY antibody to make quantitative IgY comparisons among different orders or families of birds, given differences in the detection ability of secondary antibodies among different target groups.
